Antioxidative activities of E-and Z-ajoene prepared from Japanese garlic were studied using various radical scavenging effects. Among the various antioxidative activities tested, ajoene was found to show the highest hydroxyl radicals scavenging activity (E-ajoene = 50% and Z-ajoene = 63%). These ajoene were 5.2-13 times less efficient at reducing DPPH radical and 1.1-1.4 times less efficient at hydroxyl radical as compared with authentic α-tocopherol. Essentially E-and Z-ajoene were capable of scavenging superoxide anion (Eajoene = 0.11%, Z-ajoene = 3.74%), but 80 minutes later antioxidant activity could not be detected. The effectiveness of Z-ajoene is significantly higher than E-ajoene.
INTRODUCTION
In recent years, there has been increasing interest in antioxidants derived from fruits, vegetables, herbs, and beverages. Epidemiological studies have indicated that dietary intake of antioxidants from plants is inversely associated with mortality from coronary heart disease. [1] Garlic (Allium sativum) has been advocated as a remedy for the treatment and prevention of a number of diseases, including atherosclerosis and cancer. Several clinical studies conducted during the last three decades, however, have shown contradictory lipid-lowering activity and beneficial effects on cancer incidence. [2] [3] [4] Ajoene is a wellestablished antiplatelet agent, and its inhibitory effect on platelet aggregation has been extensively studied and documented both by in vivo and in vitro experiments. [5] [6] [7] [8] [9] Ajoene is considered as a major natural compound derived from garlic through the conversion of alliin into allicin by an alliinase-induced cleavage, [10] as shown in Fig. 1 . The antioxidant activities in Allium tissue extracts have been of particular interest because of the relationship between oxidative stress and pathologies such as atherosclerosis, cancer, and aging, in which free radicals and reactive oxygen species are implicated. [11] [12] [13] [14] Many recent studies on antioxidant activities of Allium tissue components have used crude extracts or tissue derivatives. Despite the complexity of such preparations, many investigators have reached unequivocal conclusions [15] [16] [17] or have insinuated [18] [19] [20] that the thiosulfinates or related organosulfur components are primarily responsible for the observed antioxidant effects, even though many other endogenous components may have antioxidant properties. [21] Pure alliin (S-allyl-L-cysteine sulfoxide) has no antioxidant activity in a linoleic acid emulsion and has only weak reducing power, despite earlier claims that alliin is an effective antioxidant. [22] Pure thiosulfinates [23] and related organosulfur compounds [24] exhibit antioxidant properties under specific conditions. However, allicin is found the most effective antioxidant and PrS(O)SPr is the least effective thiosulfinate. [25] The nonenzymatic antioxidant activity of diallyl sulfide, diallyl disulfide, S-ethyl cysteine and N-acetyl cysteine in the liposome system is examined. [26] Until now, no study has been undertaken to compare the antioxidant activities of two ajoene isomers. The purpose of this study was to examine the antioxidant property of E-and Z-ajoene derived from Japanese garlic.
MATERIALS AND METHODS

Materials
All chemicals were obtained from Sigma or Aldrich (Japan), Wako (Japan) and Nacalai Tesque, Inc. (Kyoto, Japan) Chemical Companies. Precoated kieselgel 60 on aluminum sheet for thin-layer chromatography (TLC) were purchased from Merck (Germany). Japanese garlic (Allium sativum L) was obtained from a local market in Japan. Rice oil was obtained from Fine Foods Co., Ltd. (Osaka, Japan).
Preparation and Purification of E -and Z -ajoene from Japanese Garlic
Preparation and purification of E-and Z-ajoene from Japanese garlic was followed by Naznin et al. [27] In brief, garlic cloves were cut into 3-4-mm thick slices, and then ground to mix oil using SMT High-Flex disperser apparatus (SMT Co., Tokyo, Japan) mechanically driven at 700 rpm by a drill press. To minimize frictional heating of the sample during the grinding process, the tissue grinder was chilled prior to and during the grinding process with an ice bath. Garlic samples were mixed with oil (0.25 kg/L) directly in the disperser apparatus. Then the mixture was stored at 80
• C for 4 h to allow complete ajoene formation. Ten ml samples were extracted with ethyl acetate and analyzed by HPLC and TLC according to Naznin et al. [27] In brief, extracted compounds were analyzed by Si-HPLC using a LiChrospher Si 60 column (250 mm X 4.0 mm, Kanto Chemical Co., Inc. Tokyo). The eluent was n-hexane/2-propanol (85:15, v/v) at a flow rate of 1.0 ml/min, and was monitored at 240 nm. TLC was developed with ethyl acetate as a solvent, and each spot on the plate was detected by spraying coloring reagent (molibdo phosphoric acid/85% phosphoric acid/conc. sulfuric acid/water, 2.4: 1.5: 5, v/v/v) and heated at 70
• C for 20 minutes. E-and Z-ajoene were separated on a silica gel column chromatography. After washing the column with 200 ml of 40% ethyl acetate in n-hexane, the Z-ajoene was eluted with 100 ml of 50% ethyl acetate/ n-hexane (1:1, v/v), whereas E-ajoene was eluted with 150 ml of 65% ethyl acetate and found to be over 95% pure. Purified E-and Z-ajoene were analyzed by 1 H NMR, HPLC and TLC.
[27]
Scavenging of DPPH Radical
Antioxidant activity of the ajoene was measured in terms of hydrogen donating or radical scavenging ability, using the stable radical, DPPH. According to Blois, [28] as the odd electron of DPPH becomes paired off in the presence of a hydrogen donor, namely the antioxidant, the absorption disappears and the resulting discoloration with regard to the number of electrons captured. The method was similar to the previous report [29] with some modifications. In briefly, Test compounds were incubated in 3 ml of solution containing DPPH radical (500 μM) in ethanol for 30 minutes, and the absorbance of the solution was measured at 517 nm with a Shimadzu spectrophotometer UV-160A (Kyoto, Japan). The scavenging activity was calculated using Eq. (1), [30] Scavenging effect, % = [1 − absorbance sample /absorbance control ] × 100.
(1)
Scavenging of Hydroxyl Radical (OH • )
The scavenging activity of the OH • was measured by using deoxyribose method [31] with a slight modification. Sample solution in 10 mM sodium phosphate buffer (pH 7.4) was added to the same buffer containing 2.5 mM 2-deoxyribose, 1.0 mM iron ammonium sulfate premixed with 1.04 mM EDTA was added. Samples were incubated in the water bath at 37
• C, the reaction started by adding 1.0 mM ascorbic acid and 0.1 M H 2 O 2 . The solution was maintained at 37
• C for 10 min, and then cold 2.8% TCA (Trichloroacetic acid) was added, followed by addition of 1% thiobarbituric acid (TBA). The solution was heated for 8 minutes and the absorbance was measured at 532 nm. The scavenging activity was calculated using Eq. (1).
NAZNIN, MAEDA, AND MORITA
Scavenging of Superoxide Anion (O 2
− )
The ability of E-and Z-ajoene to scavenge superoxide anion (O 2 − ) was determined on the basis of inhibiting the reduction of nitro blue tetrazolium (NBT). [32] Superoxide was generated in a nonenzymic system. According to Xiao and Parkin, [25] the reaction mixture contained, at final concentrations, NADH (117 μM), NBT (37.5 μM), and phenazine methosulfate (PMS, 15 μM) in sodium phosphate (0.1 M, pH 7.4). The test compounds or standard antioxidant (1 mM) were added and the reaction was started by the addition of PMS. After incubation at ambient temperature for 5 min, the absorbance at 560 nm was measured against appropriate blank samples. The scavenging activity was calculated using Eq. (1).
Scavenging of H 2 O 2
The level of H 2 O 2 remained was measured after 10 min incubation by the Fe 3+ -xylenol orange (FOX) complex assay. [33] E-and Z-ajoene were incubated in the presence of H 2 O 2 (0.5 mM) in sodium phosphate-buffered saline (PBS, pH 7.4) for 10 min. According to Xiao and Parkin, [25] 0.1 ml of reaction mixture was mixed with 0.9 ml of FOX reagent that contained 90% methanol, 100 μM xylenol orange, 4 mM butylated hydroxytoluene (BHT), and 25 mM H 2 SO 4 , and incubated for 30 min at 20-22
• C. The absorbance at 560 nm was determined against a blank solution. The scavenging activity was calculated using Eq. (1).
Statistical Analysis
The statistical analysis of the measured parameters was made using analysis of variance (ANOVA). Significant differences among samples were evaluated by Duncan's multiple-range test (P < 0.05) using SPSS software (v. 11.0, SPSS, Chicago, IL).
RESULTS AND DISCUSSION
Scavenging of DPPH Radical
The tested E-and Z-ajoene reduced DPPH radical in a concentration-dependent response (Fig. 2) . The DPPH radical-scavenging effect increased as the concentration of the ajoene increased to a certain extent, and then leveled off even with further increase in the concentration (0.2-1 mM). For example, at a concentration of 0.2-1 mM, the Z-ajoene showed 2-17% scavenging activity of DPPH radical. Further increasing the dosage did not significantly increase the DPPH radical-scavenging effect (data not shown).
Z-Ajoene was more effective than E-ajoene. The sulfinyl functional unit may have a role in DPPH radical reduction. In ajoene, hydrogen atoms bonded to central double bonded carbon atoms have the largest positive excess charge (about +0.15e) among all the hydrogen atoms in the molecule; these hydrogen atoms are expected to leave the molecule first in a proton transfer reaction. This may be related to potential antioxidant activity. [34] The effectiveness of ajoene was 5-11 times lesser than that of more commonly used antioxidants α-tocopherol (1 mM) ( Table 1 ). The ineffectiveness of the ajoene in the DPPH radical quenching assay was likely associated with the lack of reactivity of the sulfinyl functional unit with DPPH radical and/or the relative oxidation-reduction potentials for the alk(en)yl groups compared to respective α-tocopherol. 6.96 ± 0.22a 50.88 ± 0.12a 0.11 ± 0.06a Z-ajoene (1 mM) 17.67 ± 0.67b 63.03 ± 0.12b 3.74 ± 0.27b α-tocopherol (1 mM) 93.10 ± 0.39c 74.26 ± 0.57c 5.19 ± 1.27b
Values followed by the same letters on the same column are not significantly different (P < 0.05) according to Duncan's multiple range test.
Scavenging of Hydroxyl Radical (OH
• )
The OH • -scavengers, namely antioxidants compete with deoxyribose for the OH
• produced and diminish chromogen formation. OH • -scavenging activities of E-and Zajoene are shown in Fig. 3 , in which Z-ajoene showed greater inhibition activity than E-ajoene. Ajoene has cis-(Z-) and trans-(E-) isomers, both with varying degrees and specificities of bioactivity. [34] Comparing with two isomers Z-isomer is slightly more potent than E-isomer. [36] Perhaps, for these reasons Z-ajoene showed greater antioxidant activity than E-ajoene.
The inhibitory properties of E-and Z-ajoene against OH • rivaled of those of the common antioxidant α-tocopherol tested ( Table 1 ). The higher effectiveness of the E-and Z-ajoene (51% and 63%) implies that the scavenging of OH
• is based on the functional unit. In fact, OH
• reacts with virtually all organic compounds at or near the rate of diffusion, [37] so it is not surprising that the components had evaluated higher inhibitory effects.
Scavenging of Superoxide Anion and H 2 O 2
Very less O 2 − scavenging activity based on inhibition of NBT reduction was observed for E-and Z-ajoene (Fig. 4) . In fact, 1mM E-and Z-ajoene after 40 minutes incubation period, the amount of NBT reduction was 1.9% and 4.8%. However, after 80 minutes incubation period no antioxidant activity was observed. It is possible that ajoene scavenges O 2 − and yield O 2 − . Perhaps, for these reasons there was no antioxidant effect observed after incubation period for 80 and 120 min. In ajoene, there is a large positive charge development (about +1.4e) on the sulfur atom bonded to oxygen; other two sulfur atoms have relatively less excess charge. Oxygen atom has negative excess charge of about -0.8e, which is the only atom in ajoene molecule having attractive potential. Oxygen atom in ajoene may play in important role in the interaction of ajoene and its environment. [34] Hydrogen peroxide can be generated in biological and food systems. Being a nonradical oxygen-containing reactive agent, it can form hydroxyl radical, the most highly reactive oxygen radical known, in the presence of transition metal ions and participate in free-radical reaction. [38] High levels of hydrogen peroxide can attack several cellular energy-producing systems. [39] H 2 O 2 scavenging activity was not observed for E-and Z-ajoene examined at levels over 1mM (data not shown). However, ajoene was not capable of scavenging H 2 O 2 , no corresponding analyses for any common antioxidants were conducted. Xiao and Parkin [25] support this result.
CONCLUSION
This study demonstrated that E-and Z-ajoene have various extents of antioxidant properties, including scavenging activities for DPPH radicals and hydroxyl radicals. These antioxidative effects may vary with the concentration. In general, within a certain concentration range, the antioxidative activity increased with the concentration. Furthermore, ajoene with low concentration exhibited a higher DPPH radicals and OH
• radicals scavenging activity than those with higher. These E-and Z-ajoene may be used as a source of antioxidants, as a possible food supplement or in the pharmaceutical industry, especially in areas where the garlic and its derivatives are used.
